Heavy episodic alcohol consumption (also termed binge drinking) contributes to a wide range of health and cognitive deficits, but the associated brain-based indices are poorly understood. The current study used electroencephalography (EEG) to examine spontaneous neural oscillations in young adults as a function of quantity, frequency, and the pattern of their alcohol consumption. Sixty-one young adults (23.4 ± 3.4 years of age) were assigned to binge drinking (BD) and light drinking (LD) groups that were equated on gender, race/ethnic identity, age, educational background, and family history of alcoholism. EEG activity was recorded during eyes-open and eyes-closed resting conditions. Each participant's alpha peak frequency (APF) was used to calculate absolute power in individualized theta and alpha frequency bands, with a canonical frequency range used for beta. APF was slower by 0.7 Hz in BD, especially in individuals engaging in high-intensity drinking, but there were no changes in alpha power. BD also exhibited higher frontal theta and beta power than LD. Alpha slowing and increased theta power in BD remained after accounting for depression, anxiety, and personality characteristics, while elevated beta power covaried with sensation seeking. Furthermore, APF slowing and theta power correlated with various measures of alcohol consumption, including binge episodes and blackouts, but not with measures of working and episodic memory, cognitive flexibility, processing speed, or personality variables, suggesting that these physiological changes may be modulated by high-intensity alcohol intake. These results are consistent with studies of alcohol-use disorder (AUD) and support the hypothesis that binge drinking is a transitional stage toward alcohol dependence. The observed thalamocortical dysrhythmia may be indicative of an excitatory-inhibitory imbalance in BD and may potentially serve as an index of the progressive development of AUD, with a goal of informing possible interventions to minimize alcohol's deleterious effects on the brain.
Introduction

Binge drinking
Excessive alcohol consumption imposes a tremendous burden on society in terms of economic cost and increased morbidity and mortality rates (Centers for Disease Control and Prevention [CDC], 2015) . Heavy episodic drinking, also termed binge drinking, accounts for 77% of these costs and is prevalent among young adults and university students (Farke & Anderson, 2007; Grucza, Norberg, & Bierut, 2009; Wechsler et al., 2002) . Binge drinking is usually defined as consuming 5 or more standardized alcoholic drinks for men (4 drinks for women) in about 2 h, which is likely to result in a blood alcohol concentration reaching or exceeding 0.08% (National Institute on Alcohol Abuse and Alcoholism [NIAAA], 2016) . Research evidence indicates that binge drinking is associated with deficits in affective and memory processing, attention, and inhibitory control (Hartley, Elsabagh, & File, 2004; Mullan, Wong, Allom, & Pack, 2011; Parada et al., 2011; Townshend & Duka, 2005) . Such negative implications are critical, considering that the brain continues to mature well into the 20s (Sowell et al., 2003; Westlye et al., 2010) , and emerging adults may be particularly vulnerable to deleterious effects of excessive alcohol use (Barron et al., 2005) . It has also been proposed that binge drinking reflects a transitional phase toward dependence, as prolonged alcohol consumption induces behavioral and neurological adaptations to alcohol effects (Gilpin & Koob, 2008; Koob, 2006) . Thus, further research is needed to examine brain-based indices of the deficits that persist beyond a binge episode and to evaluate their association with drinking levels and patterns.
Resting state EEG in alcohol research
Electro-and magnetoencephalography (EEG and MEG) are used to measure spontaneous neural oscillations during wakeful rest, also termed resting-state, rsEEG/MEG (Krishnan, Chang, & Schomer, 2011; Rosen et al., 2014) . Because it does not require any task engagement, this method has been applied across ages and in diverse populations to examine spontaneous oscillations in various brain-based disorders and conditions (Babiloni, Del Percio, & Buj an, 2011; Porjesz et al., 2005) , including chronic alcoholism (Begleiter & Porjesz, 2006; Porjesz et al., 2005; Rangaswamy & Porjesz, 2014) . The rsEEG signal is analyzed in frequency domain and expressed as a power spectrum (PS) profile across a range of frequencies that traditionally include alpha (8e12 Hz), beta (15e20 Hz), and theta (4e7 Hz) (Nunez & Srinivasan, 2006) . Alpha oscillations feature prominently over the posterior scalp regions, especially during an eyes-closed resting condition. They are modulated by altering visual input or attention, such as opening the eyes, and are thought to be sensitive to corticothalamic interactions and levels of arousal (Barry, Clarke, Johnstone, Magee, & Rushby, 2007; Nunez, Wingeier, & Silberstein, 2001; Pfurtscheller & Andrew, 1999) . Alpha is quantified by measuring spectral power within its frequency range and by determining its peak frequency (APF) for each participant (Klimesch, 1999) . Acute alcohol intoxication induces a decrease in alpha oscillatory frequency and an increase in alpha power (Ehlers, Wall, & Schuckit, 1989; Nikulin, Nikulina, Yamashita, Rossi, & K€ ahk€ onen, 2005) . Source modeling of the MEG signal has confirmed that alpha power is generated primarily in the medial parieto-occipital area and is increased during alcohol challenge (Rosen et al., 2014) . Studies of rsEEG reveal lower alpha power in individuals with alcohol-use disorder (AUD) (Begleiter & Platz, 1972; Saletu-Zyhlarz et al., 2004) , who also exhibit a low-voltage alpha (LVA) variant that is comorbid with high anxiety (Enoch & Goldman, 1999) . Similar lower alpha power was observed by Finn and Justus (1999) in offspring of people with AUD, while another group reported a contradictory higher voltage alpha (Ehlers & Schuckit, 1991) .
Spontaneous theta and beta oscillations reflect anteriorly localized rhythms (Rosen et al., 2014) , and are altered as a function of acute and chronic alcohol exposure (Rangaswamy et al., 2003 (Rangaswamy et al., , 2002 Stenberg, Sano, Ros en, & Ingvar, 1994) . Increased power in theta and beta bands has previously been observed in acutely intoxicated, healthy participants (Rosen et al., 2014; Stenberg et al., 1994) . Elevated beta power has also been found among both people with AUD and their offspring (Bauer & Hesselbrock, 1993; Finn & Justus, 1999; Pollock, Earleywine, & Gabrielli, 1995; Rangaswamy et al., 2004 Rangaswamy et al., , 2002 Winterer et al., 1998) , whereas higher theta power has only been reported in individuals with AUD (Pollock, Schneider, Zemansky, Gleason, & Pawluczyk, 1992; Propping, Krüger, & Mark, 1981; Rangaswamy et al., 2003) .
There is a dearth of studies investigating rsEEG as a function of heavy episodic drinking patterns. Courtney and Polich (2010) recorded EEG during eyes-open (EO) resting condition and reported greater power in fast beta (20e35 Hz) and delta (0e4 Hz) bands in high-binge drinkers than in low-and non-binge drinkers, but no group differences were found within the alpha or theta range. Correas et al. (2015) recorded MEG signal during eyes-closed (EC) resting state and observed higher power in theta (4e6 Hz) and narrow alpha (9e11 Hz) range in individuals with a history of binge drinking. Inconsistencies between these studies may have originated from methodological differences, including focusing on EO vs. EC conditions, the criteria used to define binge drinking, and frequency band definitions. This especially pertains to the adjoining frequency bands such as theta, usually defined as spanning 4e7 Hz, and alpha, canonically defined as encompassing 8e12 Hz. The APF is rarely quantified in rsEEG studies, and yet slowing of alpha frequency may be reflected in lower alpha and increased theta power, conflating those measures. In an effort to mitigate this problem in a principled way, the present study defined alpha and theta frequency ranges based on individual APF (Angelakis, Lubar, Stathopoulou, & Kounios, 2004; Haegens, Cousijn, Wallis, Harrison, & Nobre, 2014; Klimesch, 1999) .
Aims and hypotheses
The primary objective of the present study was to examine spontaneous oscillations as a function of binge drinking patterns and alcohol consumption levels by quantifying the APF and power of alpha, theta, and beta oscillations within their EEG PS profiles. Continuous EEG signal was recorded during eyes-open and closed (EOC) wakeful rest (Rosen et al., 2014) . Alpha and theta spectral bands were determined by taking into account individual APF (Angelakis et al., 2004; Klimesch, 1999) , while beta was measured within a fixed frequency band. It was hypothesized that binge drinkers (BD) would exhibit slower APF and higher theta, beta, and alpha mean absolute power than light drinkers (LD), with the expectation that these effects would be particularly evident in individuals engaging in high-intensity drinking.
Methods
Participants
Sixty-one healthy, right-handed young adults were recruited for the current study (M ± SD ¼ 23.4 ± 3.4 years of age, 30 females). None of the participants reported tobacco or illicit drug use at least one month prior to the experiment, a history of neuropsychiatric conditions or brain injury, or medication use at the time of the study. Based on the reported patterns of heavy episodic drinking, the participants were classified into a binge drinking (BD, n ¼ 30) and a light drinking (LD, n ¼ 31) group. A binge episode was defined as consuming 6 þ drinks for males and 5 þ drinks for females within 2 h (Lange & Voas, 2001; NIAAA, 2016) . In the previous 6 months, BDs reported five or more binge episodes (14.8 ± 10.3), whereas LDs had no more than one binge episode in that time period (0.1 ± 0.3). Participants who reported at least one firstdegree blood relative, excluding their mother, or three or more second-degree relatives with AUD, were considered to be familyhistory (FH) positive. As shown in Table 1 , the groups were matched for gender, race/ethnic identity, age, educational background, and FH of alcoholism, but differed on measures of alcohol consumption as well as some personality traits. The participants gave written informed consent and received monetary compensation for their participation in the study.
Experimental protocol
Participants completed a battery of questionnaires (Table 1) , including the frequency and quantity of alcohol consumption (modified from Cahalan, Cisin, & Crossley, 1969), daily drinks consumed during the previous month (Timeline Follow-Back, TLFB; Sobell & Sobell, 1992) , the level of response to alcohol (Self-rating of the Effects of Alcohol, SRE; Schuckit, Tipp, Smith, Wiesbeck, & Kalmijn, 1997) , the severity of alcoholism-related symptoms (Self-Administered Short Michigan Alcoholism Screening Test, SMAST; Selzer, Vinokur, & van Rooijen, 1975) , motivation for engaging in alcohol use (Drinking Motive Questionnaire Revised Short Form, DMQ-R SF; Kuntsche & Kuntsche, 2009) , and alcoholrelated consequences (Brief Young Adult Alcohol Consequences Questionnaire, B-YAACQ; Read, Kahler, Strong, & Colder, 2006) . Additional sets of questionnaires were administered to screen for depression (Patient Health Questionnaire, PHQ-9; Kroenke & Spitzer, 2002) and anxiety (General Anxiety Disorder, GAD-7; Spitzer, Kroenke, Williams, & L€ owe, 2006) , as well as to assess personality traits (Eysenck Personality Questionnaire, EPQ; Eysenck & Eysenck, 1975) , impulsivity traits (Impulsiveness Scale, ABIS; Coutlee, Politzer, Hoyle, & Huettel, 2014) , and sensation seeking (Brief Sensation Seeking Scale, BSSS; Hoyle, Stephenson, Palmgreen, Lorch, & Donohew, 2002 Participants were instructed to abstain from alcohol consumption for at least 48 h preceding the study. Upon arrival, a Discover 12-panel urine drug test (America Screening Corporation, Shreveport, LA) was administered to screen for psychoactive substances. Participants were fitted with an electrocap and took part in an EEG recording during an EOC wakeful resting paradigm. During the EO condition, participants were asked to focus on a fixation cross for 2 min. The EC condition commenced as participants kept their eyes closed for 2 min. Two other tasks were also administered, and their results will be reported elsewhere.
Data acquisition and processing
EEG signal was recorded with a 64-channel actiCap BrainVision (Brain Products GmbH, Germany) with a sampling rate of 500 Hz. Electrode impedance level was maintained below 5 kU. The nose served as reference and the forehead as ground. Electro-oculogram (EOG) was recorded in a bipolar fashion from two electrodes positioned above and below the left eye.
EEG data analysis was performed with MATLAB (Mathworks, Natick, MA) routines that incorporated publicly available algorithms such as FieldTrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011) and EEGLAB (Delorme & Makeig, 2004) . The relevant parts of the analysis script and raw data samples will be provided upon request. Continuous EEG data were bandpassfiltered at 0.3e200 Hz and segmented into 4-sec epochs. Epochs containing visible movement artifacts were removed based on visual inspection. Eye blinks, eye movements, and heartbeats were further eliminated with Independent Component Analysis (ICA) (Delorme & Makeig, 2004) . The complex power spectrum (PS) of the absolute power of each epoch was calculated with a multitapered Fast Fourier Transform method using Hanning tapers (Oostenveld et al., 2011) . The PS profiles were computed with 0.25-Hz resolution for the 1e30 Hz frequency range and averaged across all epochs for each EOC condition for each participant. The PS were averaged across electrode clusters to produce spectral profiles for the frontal (AFz, AF3, AF4, Fz, F1, F2, F3, F4, F5, F6), central (Cz, C1, C2, C3, C4, CPz, CP1, CP2, CP3, CP4) and posterior (POz, PO3, PO4, O1, O2, Oz) regions. Group averages for the EC and EO conditions for the three electrode clusters are shown in Fig. 1 .
Alpha peak frequency (APF) was defined as the frequency at which alpha oscillation exhibits the greatest power. It was determined within the 8e12 Hz frequency range for each participant and each condition across all electrodes with an automatic detection algorithm, and was used to define alpha band for each participant. Alpha power was computed within a frequency interval ranging from 2 Hz below to 2 Hz above the individual APF. Theta was defined as a 3-Hz wide band starting at 4 Hz below the lowest alpha boundary. These custom-tailored frequency ranges made it possible to proportionally account for the inter-and intra-subject variability in PS distribution and to mitigate the confounding influences of peak frequency differences on power measures within the adjacent theta and alpha bands. Power in beta frequency band was determined within the 15e20 Hz frequency range.
Data analysis
Mixed model ANOVAs were carried out with the betweensubject factor of Group (BD and LD) and with EOC as the withinsubject factor on APF and power within alpha, theta, and beta bands (SPSS, 2001 ). Gender and FH were included in the initial analysis, but no main effects or interactions regarding these factors were found, so they were excluded from further analyses. ANCOVAs were performed to verify whether the observed group differences remained after controlling for non-alcohol related variables of alcoholism were analyzed with c including anxiety, depression, and sensation seeking. To further probe the relation between EEG measures and the level of alcohol consumption, subsequent mixed design ANOVAs were performed with participant grouping based on weekly drinking levels as the between-subjects factor and EOC condition as the within-subject factor. Pearson's chi-square tests were conducted to determine group differences on categorical variables, including gender, race, and FH, whereas Mann-Whitney U tests were used for all other variables, since they mostly violated the normality assumption (Table 1) . Nonparametric Spearman's rho (denoted as r s ) coefficient was utilized to compute correlations between EEG measures and other variables.
Results
Drinking-related questionnaires and personality measures
BD reported higher levels of alcohol consumption and more drinking consequences, including blackouts and alcoholism-related symptoms, earlier age of drinking onset, more drinking motives, and higher scores on anxiety, depression, and sensation seeking in comparison to the LD group (Table 1) .
Alpha
As expected, the greatest power was found in the alpha band (Fig. 1) . It was most prominent over the posterior sites where it was possible to measure APF reliably across both EOC conditions, so statistical comparisons focused on that region. Alpha power was greater during EC relative to EO condition, F(1,59) ¼ 142.6, p < .001 ( Fig. 2A) , but there was no main effect of Group or Group Â EOC interaction. Alpha power did not correlate with any of the alcoholrelated variables, but it negatively correlated with enhancement (r s ¼ À0.32, p < .05) and extraversion (r s ¼ À0.33, p < .05).
In contrast, APF was slower by 0.7 Hz in BD compared to LD, F(1,59) ¼ 17.3, p < .001 (Fig. 2B) , and this difference persisted after controlling for anxiety, depression, and sensation seeking (all p's < .01). No significant main effect of EOC nor interaction between the factors of Group and EOC were found. APF correlated negatively with many drinking variables, including the number of drinking days per week (r s ¼ À0.44, p < .001), drinks per occasion (r s ¼ À0.43, p < .001), number of binge episodes (r s ¼ À0.47, p < .001), and alcohol-induced blackouts (r s ¼ À0.43, p < .001) in the previous 6 months, in addition to the number of heavy drinking days (r s ¼ À0.38, p < .01), and the maximum number of drinks in 24 h (r s ¼ À0.46, p < .001) in the previous 30 days. APF also correlated negatively with self-rated drinking consequences (r s ¼ À0.40, p < .01). It correlated positively with the age of drinking onset (r s ¼ 0.28, p < .05), but no association was found between APF and anxiety or depression.
Theta
A main effect of Group on theta power displayed a frontoposterior gradient with BD showing greater theta power than LD over the frontal area, F(1,59) ¼ 10.3, p < .01 (Fig. 3) . Group effect on frontal theta power persisted after controlling for anxiety, depression, and sensation seeking (all p's < .01). Theta power was greater during EC for all participants, F(1,59) ¼ 6.2, p < .05. There was no interaction between the factors of Group and EOC. Nonparametric Spearman's rho revealed positive correlations between frontal theta power and the number of inebriated occasions per month (r s ¼ 0.32, p < .05), number of binge episodes in the previous 6 months (r s ¼ 0.32, p < .05), and self-rated drinking consequences scores (r s ¼ 0.31, p < .05). Theta power did not correlate with anxiety or depression. 
drinkers (LD). (A)
Alpha power was greater during EC compared to EO, but no group differences were observed. (B) Slower APF was found in BDs across both EOC conditions. ***p < 0.001.
Beta
Higher beta power was observed in BD compared to LD in frontal regions, F(1,59) ¼ 4.4, p < .05 (Fig. 3) . The main effect of group remained significant when anxiety and depression were included in the analysis as covariates (p's < .05), but not after controlling for sensation seeking. Closing the eyes enhanced frontal beta power in all participants, F(1,59) ¼ 18.2, p < .001, but there was no interaction between the factors of Group and EOC. Beta power was positively correlated with drinking consequences scores (r s ¼ 0.27, p < .05) and a dimension of the Brief Sensation Seeking Scale, disinhibition (r s ¼ 0.31, p < .05). It did not correlate, however, with any of the variables related to drinking levels.
EEG measures and drinking-related variables
In an effort to reduce the dimensionality of drinking history variables, we have carried out a principal component analysis (PCA). The PCA (SPSS, 2001) encompassed alcohol-related variables, including the number of drinking days per week, number of drinks per occasion, number of drunk occasions and maximum number of drinks consumed in 24 h within the previous 30 days, number of binge episodes and alcohol-induced blackouts within the previous 6 months, severity of alcoholism (SMAST), drinks needed for effects (SRE), and drinking consequences (B-YAACQ) ( Table 2 ). The first factor had an eigen value of 5.07 and explained 56% of the variance, while the second factor had an eigen value of 1.06 and explained 12% of the variance. The eigen values for the other factors did not exceed one (Kaiser, 1960) . The AndersonRubin method (Anderson & Rubin, 1956 ) was used to estimate score coefficients for factor 1, which represented a combination of variables related to drinking patterns. This score was then used to examine associations between drinking and EEG features. Posterior alpha peak frequency was negatively correlated with drinking history during EO and EC (r s ¼ À0.30, p < .05 and r s ¼ À0.35, p < .01). Similarly, frontal theta power was positively correlated with drinking history during both resting conditions (r s ¼ 0.38, p < .01 and r s ¼ 0.32, p < .05). Beta power did not significantly correlate with drinking history.
High-intensity regular drinking levels modulate APF
Engaging in binge drinking is associated with alterations of resting EEG indices across the three frequency bands. However, binge episodes are relatively infrequent and may only partly reflect regular drinking patterns. To further investigate the extent to which regular alcohol intake modulates EEG measures, participants were reassigned into three groups based on their weekly levels of alcohol consumption, similar to other studies using this approach (Oddy & Barry, 2009; de Bruin, Stam, Bijl, Verbaten, & Kenemans, 2006) . Males who reported consuming 22 or more drinks/week (M ± SD ¼ 28.3 ± 5.62), or females who reported 12 or more drinks/ week (16.8 ± 4.43), were assigned into the high alcohol intake group (HiAlc, n ¼ 21). Males who reported 8e20 drinks/week (13.5 ± 5.50), or females who reported 4e10 drinks/week (5.7 ± 1.70), were assigned into the moderate alcohol intake group (ModAlc, n ¼ 18). Males who reported fewer than 6 drinks/week (2.7 ± 1.44), or females who reported fewer than 2 drinks/week (1.1 ± 0.22), were assigned into the low alcohol intake group (LowAlc, n ¼ 19). There was a main effect of group on the mean APF, F(2,58) ¼ 7.3, p < .01. Tukey HSD post hoc comparisons revealed that APF was slower among HiAlc (9.6 ± 0.76 Hz) than in ModAlc (10.3 ± 0.67 Hz) and LowAlc (10.4 ± 0.99 Hz) (p < .01). However, no differences in APF were found between ModAlc and LowAlc (Fig. 4) . There were no group differences in spectral power for any of the frequency bands.
Discussion
In the present study, spectral characteristics of EEG signal were analyzed during wakeful rest as a function of binge drinking patterns and alcohol consumption levels. Peak frequency of alpha oscillations was slower in binge drinking young adults, even when personality characteristics were accounted for. Alpha slowing was correlated with various measures of increased alcohol consumption, but it was not associated with cognitive functions. In fact, the APF was slower among those participants who reported the heaviest levels of weekly drinking. In contrast, alpha power did not differ as a function of binge episodes or drinking levels. Compared to LD, BD participants exhibited greater power in frontal theta and beta frequency bands, with theta power increase correlating with high-intensity drinking. As expected, EEG spectral power was elevated in all bands during the EC resting condition, but APF was not sensitive to changes in visual input. 
Alpha peak frequency slowing
Although the assessment of individual APF is rarely performed in alcohol research, alpha slowing has been observed during acute intoxication (Ehlers et al., 1989; Lukas, Mendelson, Benedikt, & Jones, 1986) . While the participants in the current study were not inebriated, APF was slower by 0.7 Hz in those engaging in heavy episodic drinking, and this effect remained after controlling for anxiety, depression, and sensation seeking. Even though the current study could not determine whether the slower APF is a preexisting characteristic of BDs, its association with drinking habits and insensitivity to personality variables suggests that it may reflect enduring neural adaptation to habitual, hazardous levels of alcohol use. This conjecture is supported by the observation that the most prominent alpha slowing was observed in those who reported hazardous levels of weekly drinking. In the current study, the number of binge episodes reported for the previous 6-month period was highly correlated with the weekly alcohol intake (r s ¼ 0.79, p < .001), indicating that the individuals who imbibe at high levels on a regular basis also frequently exceed the criterion for binge drinking. This is consistent with other evidence on heavy drinking patterns and the associated consequences (Courtney & Polich, 2009; Hingson, Zha, & White, 2017; Patrick, TerryMcElrath, Kloska, & Schulenberg, 2016) . Even though future efforts are needed to better characterize the multidimensional phenotype of alcohol consumption, the current results demonstrate that APF reduction is associated with heavy drinking levels. In contrast, individuals drinking at light or moderate levels did not show alpha slowing even if they occasionally engaged in binge drinking. Moreover, APF was slower in participants who began drinking at a younger age, supporting the notion that perpetual alcohol consumption over a protracted time period can lead to persistent changes in alpha oscillations. Taken together, these results provide neurophysiological evidence that high-intensity alcohol intake modulates spontaneous oscillations, with more extreme and longer-term consumption resulting in more prominent alpha slowing, consistent with the notion of a greater degree of associated harm (Haber, Harris-Olenak, Burroughs, & Jacob, 2016; Patrick, 2016; Patrick et al., 2016) . Furthermore, binge drinking in adolescence and emerging young adulthood is associated with neurocognitive deficits, confirming increased vulnerability to neurotoxic effects of alcohol during this maturational phase (Jacobus & Tapert, 2013) .
Individual APF variability has been shown to relate to cognitive capacity (Angelakis et al., 2004; Grandy et al., 2013) , with slower APF at rest predicting poor performance during digit span tasks (Angelakis et al., 2004; Clark et al., 2004) , general intelligence tests (Grandy et al., 2013) , and memory tasks (Klimesch, Doppelmayr, Pachinger, & Ripper, 1997 ). In the current experiment, however, NIH-Toolbox cognitive scores did not correlate with APF. Persistent slowing of APF has previously been identified in several neurological and neuropsychiatric disorders, including Alzheimer's disease (Jeong, 2004; Moretti et al., 2004) , mild traumatic brain injury (Angelakis et al., 2004) , schizophrenia (Boutros et al., 2008) , and neurogenic (Sarnthein, Stern, Aufenberg, Rousson, & Jeanmonod, 2006) and neuropathic pain (Boord et al., 2008) . Based on intracranial EEG recordings in humans and evidence from animal studies, it has been suggested that alpha slowing reflects dysrhythmia of the thalamocortical (TC) system (Llin as, Urbano, Leznik, Ramírez, & Van Marle, 2005; Sarnthein & Jeanmonod, 2007 . Given that it has been observed in a number of brain-based disorders and conditions, alpha slowing may serve as an indicator of a basic-level brain dysfunction resulting from deficits in the TC networks that support sensory and cognitive functions (Hughes & Crunelli, 2005) .
Converging evidence suggests that alpha emerges from an interaction between the generators in the thalamus and the neocortex (Bollimunta, Chen, Schroeder, & Ding, 2008; Hughes & Crunelli, 2005; Lopes da Silva, 2011) . In vitro work with slices of the lateral geniculate nucleus shows that alpha can be intrinsically generated by high-threshold bursting neurons that are synchronized by gap junction in addition to electrical synapses (Hughes & Crunelli, 2005; L€ orincz, Crunelli, & Hughes, 2008) . Rhythms in alpha range can be induced by agonists acting on metabotropic glutamate and muscarinic acetylcholine receptors (Hughes et al., 2004; L€ orincz et al., 2008) . Furthermore, activity of the TC neurons is strongly modulated by the inhibitory input by GABAergic interneurons (L€ orincz, Kekesi, Juhasz, Crunelli, & Hughes, 2009 ). Hyperpolarization of the TC neuronal populations could shift alpha oscillations toward the theta range (Bollimunta, Mo, Schroeder, & Ding, 2011; Hughes & Crunelli, 2005) . This oscillatory deceleration is frequently accompanied by increased theta power (Cozac et al., 2016) or reduced alpha-band activity (Boutros et al., 2008; Jeong, 2004; Sarnthein & Jeanmonod, 2007 .
It has been established that ethanol administration potentiates GABAergic signaling (Nevo & Hamon, 1995; Paul, 2006; Santhakumar, Wallner, & Otis, 2007) , which can directly affect alpha oscillations by amplifying inhibitory influence on the cooscillatory connections between the cortex and the thalamus (Steriade, McCormick, & Sejnowski, 1993) . In addition to GABA, other neurotransmitter systems are also affected by alcohol, which suppresses glutamatergic excitation and stimulates dopaminergic release (Nevo & Hamon, 1995) , thereby altering oscillatory functions through multiple neurotransmitter systems (Vengeliene, Bilbao, Molander, & Spanagel, 2008) . In contrast, long-term exposure is accompanied with compensatory neuroadaptations counteracting the primary effects of alcohol (Koob & Le Moal, 2008) . They are expressed through down-regulation of GABA A (Devaud, Fritschy, Sieghart, & Morrow, 1997; Kang, Spigelman, & Olsen, 1998; Mihic et al., 1997) and nicotinic acetylcholine receptors (Hillmer et al., 2014) , and increased glutamatergic function (Nevo & Hamon, 1995) . Therefore, the slowing of APF in the BD group may reflect compensatory adaptations in GABAergic, glutamatergic, dopaminergic, and cholinergic systems as a result of prolonged alcohol exposure. The disruption of GABA-mediated inhibition (Llin as et al., 2005) and glutamatergic function (Zhang, Llinas, & Lisman, 2009 ) has been proposed to result in a dysrhythmic TC state, suggesting that these effects may underlie the observed association of high-intensity drinking and slower APF. Alcohol abuse is also associated with damage to the thalamus (Pitel, Segobin, Ritz, Eustache, & Beaunieux, 2015) , which can further contribute to dysregulated TC co-oscillations. A significant reversal of thalamic shrinkage was observed after about 8 months of abstinence, suggesting that the structural changes resulted from excessive alcohol consumption rather than just genetic influence (Cardenas, Studholme, Gazdzinski, Durazzo, & Meyerhoff, 2007) . Thus, the observed slowing of cortico-thalamic interactions may be a consequence of structural and functional neural adaptations to regular high-intensity drinking in young adults.
Alpha power
In contrast, no group differences in alpha power were observed in the current study, which is in agreement with EEG results during the EO condition (Courtney & Polich, 2010) . However, lower alpha power in binge drinkers was reported in a MEG study using an EC resting paradigm (Correas et al., 2015) . Methodological disparities may account for inconsistencies with respect to recording during EO vs. EC conditions and the way in which alpha frequency band is calculated. When a fixed range is used, as is the case in most studies, alpha slowing may be conflated with a decrease in alpha power found in individuals with AUD (Begleiter & Platz, 1972; Saletu-Zyhlarz et al., 2004) .
Power increase in theta and beta bands BD participants exhibited greater frontal theta power that correlated with the frequency of high-intensity drinking in the previous 6 months. Theta increase has previously been observed in alcoholic (Pollock et al., 1992; Rangaswamy et al., 2003) , inebriated (Rosen et al., 2014; Stenberg et al., 1994) , and binge drinking cohorts (Correas et al., 2015; de Bruin et al., 2004) . Theta power of spontaneous oscillations is also increased in early onset Alzheimer's disease (Schreiter-Gasser, Gasser, & Ziegler, 1994) , and in individuals with mild traumatic brain injury (Huang et al., 2009) , as well as attention deficit hyperactivity disorder (Clarke, Barry, McCarthy, Selikowitz, Brown, et al., 2003; , although some of these effects could potentially be due to alpha peak slowing (Garc es et al., 2013; Lansbergen, Arns, van Dongen-Boomsma, Spronk, & Buitelaar, 2011) . Obtained in diverse conditions, these findings point to a nonspecific cortico-thalamic dysfunction, which may be a result of a neurochemical imbalance in different neurotransmitter systems (Rangaswamy et al., 2003) .
In the present study, higher beta power was observed in BD in the frontal region, but this increase did not correlate with drinking levels. The group difference remained after controlling for anxiety and depression but did not remain after the sensation-seeking trait was used as a covariate. Elevated frontal beta power in BD is consistent with higher beta power exhibited by individuals with AUD (Pollock et al., 1992; Propping et al., 1981; Rangaswamy et al., 2002; Winterer et al., 1998) , intoxicated individuals (Rosen et al., 2014; Stenberg et al., 1994) , and binge drinkers (Courtney & Polich, 2010) . Moreover, beta power is also increased in the relatives of people with AUD (Rangaswamy et al., 2004) and in individuals with antisocial personality and with a family history of alcoholism (Bauer & Hesselbrock, 1993) . In contrast, it is reduced in patients with Alzheimer's disease (Babiloni et al., 2006) and those diagnosed with attention deficit hyperactivity disorder (Lansbergen et al., 2011) . This dissociation indicates that increased beta may not be a general indicator of neural dysfunction across a variety of clinical diagnoses, but that it may hold specificity for a predisposition toward AUD development (Courtney & Polich, 2010; Rangaswamy et al., 2002 Rangaswamy et al., , 2004 . Beta oscillations are especially prominent over the sensorimotor cortex and are enhanced by benzodiazepines that are known to increase GABA A receptor efficiency (Hall, Barnes, Furlong, Seri, & Hillebrand, 2010) . Furthermore, GABA A receptor genetic markers have been associated with beta oscillations and have been proposed as endophenotypes for alcohol-use disorder (Rangaswamy & Porjesz, 2008) . Thus, a rise in beta spectral power may be induced by GABA A receptor deficiency resulting from an interaction between chronic alcohol use and genetic predisposition and may indicate disrupted excitatory-inhibitory homeostasis in binge drinkers .
Conclusions
In conclusion, binge drinking among young adults is associated with dysregulation of the spontaneous EEG signal, reflected in the slowing of alpha peak and increased power in theta and beta bands. The present study cannot speak directly to the question of whether these effects are due to premorbid traits or are primarily a result of heavy drinking; longitudinal studies are needed to resolve this important issue. However, the observed correlations between the various measures of alcohol consumption and the slowing of alpha peak and theta power suggest that the levels of habitual alcohol intake modulate these effects. Therefore, prolonged exposure to high doses of alcohol may induce enduring physiological changes in young adult binge drinkers, which is consistent with the proposal that binge drinking is a transitional phase toward alcohol dependence, linking impulsive alcohol use to a more compulsive form of consumption (Gilpin & Koob, 2008; Koob, 2006) . In contrast to alpha frequency and theta power, group differences in beta power were sensitive to sensation seeking. Together with the evidence of increased beta power in individuals with AUD and their relatives and the reported genetic linkage between beta oscillations and GABA receptor markers, this suggests that beta power may be associated with vulnerability to alcoholism. Therefore, the observed disruptions of the excitatory-inhibitory equilibrium involving a dysrhythmic TC network may serve as possible indices for the progressive development of AUD. In combination with genetic information, they may inform possible interventions with a goal of attenuating excessive drinking and minimizing deleterious effects on the brain.
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